Background Studies in cystic fibrosis (CF) generally focus on inflammation present in the airway lumen. Little is known about inflammation occurring in the airway wall, the site ultimately destroyed in end-stage disease. Objective To test the hypothesis that inflammatory patterns in the lumen do not reflect those in the airway wall of children with CF.
INTRODUCTION
Pulmonary disease is the most significant cause of morbidity and mortality in cystic fibrosis (CF). 1 A hallmark of CF lung disease is chronic bacterial infection and the predominance of large numbers of neutrophils in the airway lumen. Neutrophilsd which release an array of mediators, oxidants and proteases, including neutrophil elastasedare thus considered to play a major role in ensuing tissue damage and CF disease progression. In contrast to the large number of studies that have used bronchoalveolar lavage (BAL) to focus on the lumen, the CF airway wall has been underinvestigated. Indeed, little is known about the nature of inflammation in the airway wall, particularly that which occurs in the bronchial mucosa.
Studies in asthma have shown poor agreement between the patterns of inflammation in the airway lumen and that occurring in the bronchial mucosa, 2 suggesting that BAL and endobronchial biopsy measure dissimilar patterns of inflammation in these distinct compartments. In the few studies that have assessed airway wall inflammation in CF, the predominance of neutrophils seen in BAL fluid was not present in the bronchial wall. 3e5 Quantitative assessment of inflammatory cells in the bronchial mucosa has shown an accumulation of lymphocytes, especially at the distal level where intense tissue damage is observed. In contrast, neutrophils appeared to accumulate preferentially in the surface epithelium, suggesting migration of these cells towards the airway lumen. 4 As these studies have used end-stage CF lung tissue obtained at autopsy or transplantation, data on the pattern of inflammation in the bronchial mucosa in earlier stages of CF lung disease are lacking.
Airway disease is present early in life in CF, even in asymptomatic infants. Infection and inflammation can be detected in the BAL fluid of infants with CF even at a few weeks of age. 6 Structural airway wall changes, referred to as airway remodelling, also begin early in life in CF. CT scanning demonstrates the
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presence of thickened airway walls, narrowed airway lumina, air trapping and bronchiectasis in young children and infants, 7e9 and lung function has been shown to be diminished in infants with CF. 10 11 However, the sequence of inflammation and remodelling events in the disease process is poorly understood. 12 Airway remodelling seems, at least in part, to be unrelated to airway lumen inflammation, 13 14 but its relationship to the inflammatory infiltrate in the bronchial mucosa has not been explored. Endobronchial studies during early stages of CF lung disease could assess to what extentdif at alldthe patterns of inflammation in the airway lumen reflect airway wall changes, shed light on pathophysiological processes occurring in the airway wall and possibly allow assessment of longitudinal changes.
Based on the findings in asthma which show that differing yet complementary information is gleaned from BAL and endobronchial biopsy, we hypothesised that the CF airway inflammatory processes would be compartmentalised and that the luminal patterns of inflammation would not reflect changes in the bronchial mucosa. We tested this hypothesis using BAL fluid and endobronchial biopsies obtained from children with CF and disease-free controls.
METHODS Subjects
Subjects were prospectively recruited between March 2003 and June 2007 from children with CF diagnosed using standard criteria 15 who were undergoing bronchoscopy for a clinical indication and control children who had been referred to a tertiary centre, but in whom no lower airway disease was found upon investigations that included clinically indicated flexible bronchoscopy. Specifically, inclusion criteria for control children were: (1) no prior history of lower airway disease; (2) no medication taken; (3) no macroscopic signs of inflammation seen on bronchoscopy (ie, no abnormal secretion, mucosal oedema or redness); (4) no viral detection or growth of pathogens in BAL fluid; and (5) BAL fluid with normal differential cell counts (ie, >80% macrophages). 16 One control was a child undergoing cardiac catheterisation where informed consent was given to perform bronchoscopy for research reasons. Exclusion criteria for both subject groups were bleeding tendency or treatment with anticoagulants and preterm birth before 36 weeks of gestation. Data from some of the children included in the present study have been previously reported.
13 17e20 The study was approved by the Royal Brompton Harefield and NHLI ethics committee. Informed consent and age-appropriate assent was obtained from parents and children respectively.
Flexible bronchoscopy
Bronchoscopy was performed as previously described under general anaesthesia. 18 BAL was performed using three aliquots of 1 ml/kg 0.9% saline at room temperature instilled separately into one or two lobes (usually the right middle lobe and the clinically most affected lobe), and the returns pooled. Up to five endobronchial biopsies (median 3, range 1e5) were taken from a standardised site (subsegmental bronchi of the right lower lobe) and processed into paraffin wax blocks as described previously. 18 In order to be included in the study, each child was a priori required to have at least one evaluable biopsy 18 with at least 0.1 mm 2 of subepithelial tissue. 21 
BAL fluid analysis
BAL fluid was processed as described previously. 13 Viable cells were counted and cell differentials were assessed on cytospin preparations using May-Gruenwald-Giemsa staining. Bacterial and fungal growth was assessed and viruses (respiratory syncytial virus, parainfluenza 1, 2 and 3, influenza A and B, adenovirus and cytomegalovirus) were sought using direct immunofluorescence and/or rapid viral tissue culture.
Immunohistochemistry
Endobronchial biopsies were immmunostained for neutrophils (neutrophil elastase), T lymphocytes (CD3) and B lymphocytes (CD20) lymphocytes, macrophages (CD68), eosinophils (EG2) and mast cells (tryptase). Area profile counts of immunopositive cells in subepithelial tissue were performed by one of two investigators (NR and LT) blinded to the study groups. 22 
Tissue morphometry
Morphometry was performed on 3 mm thick haematoxylin and eosin-stained biopsy sections as described previously. 13 19 Reticular basement membrane (RBM) thickness was measured on coded sections by taking the geometric mean of 40 measurements at 20 mm intervals. 19 23 The airway smooth muscle (ASM) volume fraction was measured, applying point and line intersection counting using previously recommended and validated methods of design-based stereology. 19 
Power calculation
Biopsy data from a study in atopic adults indicate that a sample size between 13 and 48 subjects is needed to detect at least one doubling difference in cell number per 0.1 mm 2 for a particular inflammatory cell type in a study using a parallel design such as ours, with a¼0.05 and power of 0.80. 24 
Statistical analysis
Categorical data were examined using a c 2 test. For normally distributed data, shown as mean (SD), between-group comparisons were performed with Student t tests and associations tested by Pearson correlation. 25 For non-normally distributed data, shown as median (range or IQR), between-group comparisons were performed with ManneWhitney U-tests and associations tested by Spearman rank correlation. Multivariable linear regression models were used to adjust for possible confounders. Additional details are provided in the online supplement.
RESULTS Patients
The study included 62 children of median age 7.3 years (range 0.2e16.8). Forty-six children had CF and underwent bronchoscopy for a clinical indication, and there were 16 controls without lower airway disease (table 1) .
Neutrophilic inflammation in BAL fluid
Inflammatory cell counts in BAL fluid were available in 33 (72%) of the children with CF and in 10 (63%) controls, and cell differentials were available in 35 (76%) of the CF children and in 12 (75%) controls.
BAL fluid from children with CF contained more inflammatory cells and more of every cell type compared with controls (table 2) . There was a predominance of neutrophils and macrophages, with moderate numbers of lymphocytes ( figure 1A ). In contrast, most of the inflammatory cells in control BAL fluid were macrophages. Mast cells were rarely seen in either CF or control BAL fluid (data not shown).
Biopsy analysis
A total of 181 biopsies were taken from the 62 children; 121 (67%) of these biopsies were considered evaluable, according to predefined criteria, 18 and had at least 0.1 mm 2 of subepithelial tissue. 21 Twenty-eight (45%) children had one evaluable biopsy, 16 (26%) had two, 13 (21%) had three, 3 (5%) had four and 2 (3%) had five. The median number of biopsies analysed per child was similar in the disease groups (2 (range 1e3) for CF and 1 (range 1e3) for controls, p¼0.601), as was the median area of subepithelial tissue assessed (0.42 (range 0.16e0.76) mm 2 for CF and 0.15 (range 0.13e0.45) mm 2 for controls, p¼0.152).
Lymphocytic inflammation in bronchial mucosa
There were more subepithelial inflammatory cells in CF tissue than in control tissue, with a similar cell distribution in both groups ( figure 1B) . The lymphocytic infiltrate consisted mainly of T lymphocytes both in CF tissue (82% T lymphocytes vs 18% B lymphocytes) and in control tissue (87% T lymphocytes vs 13% B lymphocytes).
Neutrophil, lymphocyte, macrophage and mast cell counts in BAL fluid were not correlated with counts for the same cell types in the biopsies. There was a weak relationship between eosinophil counts in BAL fluid and in subepithelial tissue within the CF group (r¼0.43, p¼0.019).
Relationship of airway inflammation with age, pulmonary function tests and CFTR genotype
Within the CF group, the number of BAL inflammatory cells (r¼0.68, p<0.0001), neutrophils (r¼0.64, p<0.0001), macrophages (r¼0.44, p¼0.011) and eosinophils (r¼0.64, p<0.0001) correlated positively with age. In contrast, in the bronchial mucosa, only macrophage counts were positively related to age (r¼0.32, p¼0.042).
In the 29 children old enough to perform reliable spirometry, inflammatory cell counts in BAL fluid or biopsies were not related to any test value of pulmonary function (forced expiratory volume in 1 s (FEV 1 ), forced vital capacity (FVC) or FEV 1 /FVC). There was no relationship between CFTR genotype and any inflammatory cell counts in BAL fluid or biopsies.
Different patterns of inflammation during chest exacerbations and phases of clinical stability in BAL fluid and biopsies
Bronchoscopic sampling had been performed during chest exacerbationsddefined in terms of the decision to hospitalise and treat with intravenous antibiotics 26 din 36 (78%) of the children with CF. The other 10 children underwent the procedure while well and did not require intravenous antibiotics either before or after the procedure. All inflammatory cell types in BAL fluid were higher in children investigated during chest exacerbations than in those who were well (table 3). These differences remained significant after adjustment for age for all cell types except for eosinophils. In contrast, in bronchial subepithelial tissue, only T lymphocytes and macrophages were significantly higher during chest exacerbations compared with those who were well. These differences remained significant after adjustment for age. 2 , p¼0.029). These differences remained significant after adjustment for age. In contrast, no differences were seen in BAL fluid.
Inflammatory cell counts in BAL fluid or biopsies were unrelated to the presence of other pathogens.
Relationship of airway inflammation and markers of airway remodelling
As we have previously reported in a smaller CF group including some of these cases, 13 RBM was thicker in children with CF than in controls (mean (SD) 4.8 (1.3) mm vs 3.9 (1.0) mm, p¼0.008; figure E1 in online supplement). Within the CF group, RBM thickness was related to age (r¼0.62, p<0.0001; figure E2 in online supplement), as shown in children without pulmonary disease. 27 After adjustment for age in a multivariable analysis, inflammatory cell counts in BAL fluid or biopsies were unrelated to RBM thickness (data not shown).
As also reported in a smaller group including some of these cases, 19 the volume fraction of ASM in bronchial tissue was larger in children with CF compared with controls (median (IQR) 0.11 (0.06e0.17) vs 0.06 (0.02e0.08), p¼0.008; figure E4 in online supplement). Inflammatory cell counts in BAL fluid or biopsies were unrelated to the ASM volume fraction (data not shown).
DISCUSSION
Because of ease of access, most of the studies on inflammation and airway remodelling in CF have been performed on BAL fluid. 28 29 In contrast, the airway walldthe site of the destructive changesdhas thus far been underinvestigated. This has been mainly due to difficulties in obtaining adequate material and also possibly to an assumption that the patterns of inflammation in the CF lumen provide a complete and reliable picture of those occurring in the airway wall per se. Recent advances in bronchoscopic techniques have allowed safe investigation of inflammatory and structural changes to the airway wall in CF, even in young children and infants. 18 30 31 In this study we used both BAL fluid and endobronchial biopsy to study inflammation in the airway lumen and the airway wall in children with CF as young as 2 months of age in order to compare the two. We demonstrate that inflammation is present in both compartments early in the course of the disease and that, as hypothesised, the patterns of inflammation in the lumen and bronchial mucosa are different. In contrast to the neutrophil-dominated inflammation in the airway lumen, CF is characterised by a lymphocytic inflammation of the bronchial mucosa. Furthermore, inflammatory associations with periods of exacerbation or CF-specific pathogens also differ at these two sites. These data demonstrate that BAL fluid and endobronchial biopsy provide different but complementary information, and both need to be sampled in order to be able to understand fully the pathophysiological processes in CF.
Our finding of the presence of large numbers of neutrophils in the BAL fluid is as expected and in agreement with multiple previous studies, 5 6 32 whereas the scarcity of neutrophils in the bronchial mucosa sampled by biopsy is novel. Our interpretation is that there is likely to be an intensive neutrophil recruitment from the bronchial vasculature followed by rapid migration through the bronchial wall with their accumulation in the airway lumen where they can be identified in high numbers in BAL fluid. Alternatively, neutrophils may enter the airway luminal compartment via tissue migration occurring more distally in the smaller membranous bronchioli. The data of Hubeau et al, however, who investigated the inflammatory infiltrate of the CF bronchial mucosa in transplantation tissue, would argue against this last speculation. The neutrophils identified in their study were particularly numerous at the segmental level compared with the lobar or distal level of the bronchial tree. 4 Previous studies have described a lymphocytic infiltrate consisting mainly of T lymphocytes in the CF bronchial mucosa in autopsy or explant tissues recovered at end-stage disease. Our findings in biopsy tissue of higher numbers of lymphocytes in the bronchial mucosa of children indicate clearly that their presence is not just a feature of end-stage disease but part of the ongoing inflammatory process of CF. Indeed, enhanced chemotaxis of CF compared with control lymphocytes towards interleukin 8, a predominant chemokine found in BAL fluid of subjects with CF, 33 has recently been shown in an in vitro setting. 34 The pathophysiological function of these infiltrating lymphocytes is unclear, but it could be speculated that T lymphocytes, the numbers of which we found to be higher during exacerbations and in the presence of P aeruginosa, may be involved in disease progressiondfor instance, through the induction of matrix metalloproteinase expression, known to be present in BAL fluid of subjects with CF and believed to be involved in airway tissue destruction. 35 36 In the study by Hubeau et al there were more T lymphocytes, particularly at the distal level of the bronchial tree where intense tissue damage was observed. 4 We are currently investigating further their role in early CF lung disease. 20 Attention has recently turned to the role of alveolar macrophages in progression of CF lung disease. 37 38 Brennan et al reported higher absolute macrophage numbers but lower percentages in BAL fluid obtained from preschool children with CF with evidence of bacterial infection compared with uninfected children, suggesting that relatively fewer macrophages present during a pulmonary infection may have a diminished ability to phagocytise the increasing population of dying neutrophils. 38 Our findings of both higher macrophage numbers and percentages in the airway lumen and mucosa during CF exacerbations would argue against this hypothesis. The contribution of these cells to the disease process requires further investigation, but data obtained from CF fetal tissue suggest their possible involvement in the early onset of inflammation in infants with CF. 39 We observed that chest exacerbations manifest differently in the bronchial lumen (higher numbers of all inflammatory cell types) and in the mucosa (higher numbers of lymphocytes and macrophages, but not of neutrophils). The higher numbers of submucosal lymphocytes during exacerbations are reminiscent of observations made in mild asthma exacerbations, 40 but the lack of higher numbers of submucosal neutrophils contrasts with findings reported in exacerbations of severe asthma 41 and chronic obstructive pulmonary disease, 42 suggesting that mechanisms of exacerbation are disease-specific. It could be speculated that the main source of neutrophil chemoattractants in the CF lung derives from the airway lumen (eg, soluble bacterial products, complement fragments or substances produced by airway luminal cellular components) or from the apical part of the airway epithelium 33 34 whereas, in other chronic airway diseases, neutrophil chemoattractants such as CXCL8 (interleukin 8) or CXCL5 (ENA-78) originate from the submucosa. 41 42 We also found that different organisms had differential associations with luminal and mucosal inflammation. While the presence of P aeruginosa was associated with higher numbers of lymphocytes in the bronchial mucosa, no cell count differences between Pseudomonas-positive and Pseudomonas-negative patients were seen in BAL fluid, suggesting a role for submucosal lymphocytes in host defence against this pathogen as shown in animal models. 43 44 Chronic infection with P aeruginosa has clear detrimental effects on lung function and prognosis, perhaps underscoring the role of submucosal lymphocytic inflammation in disease progression. In contrast, we observed higher numbers of neutrophils in BAL fluid in the presence of Aspergillus spp, but no cell count differences between Aspergillus-positive and Aspergillus-negative patients were seen in the biopsies. However, the association in BAL fluid was lost after correction for age, suggesting that the presence of Aspergillus spp in BAL fluid is rather a marker of more severe inflammation and advanced or prolonged lung disease (ie, older age) than independently associated with disease progression, as recently proposed. 45 In our study we could not differentiate between colonisation and infection with pathogens; further work is needed to clarify their relationship with both luminal and mucosal inflammation.
Study limitations
We acknowledge that one reason for the lack of correlation of cells in BAL fluid with cells in biopsies could be technical, as endobronchial biopsy and BAL sample different areas of the airways. Endobronchial biopsy samples come from relatively proximal large airways and the airway mucosa of bronchial bifurcations (carinae) and they do not represent the full airway wall thickness. Our data may therefore not be representative of the entirety of the conducting airways, and we may have missed changes occurring in subsegmental airways and therefore associations with, for example, spirometry, even though spirometry is probably too insensitive to detect subtle changes. 46 Endobronchial biopsies are further limited in size and there is considerable variability between samples of a given individual, so multiple biopsies per subject should ideally be analysed. 47 48 Endobronchial biopsy in children is challenging, 18 31 and we were only able to analyse 1e2 biopsies of adequate morphology per child. Although our study was powered sufficiently to detect between-group differences, 24 some relationships within individuals may thus have been missed due to inadequate sampling. The findings of our study need to be interpreted in light of these limitations. However, the strength of our data lies in the relatively large number of biopsies studied and in the inclusion of disease-free controls.
Conclusions
Our data show that inflammation is present in both the airway lumen and the bronchial mucosa but that, in support of our hypothesis, the patterns of inflammation and the responses to infective stimuli observed in BAL fluid and biopsies obtained from children with CF are dissimilar. In contrast to the neutrophil-dominated inflammation present in the airway lumen, CF is characterised by a lymphocytic infiltration and accumulation of the bronchial mucosa, the function of which merits further investigation. BAL and endobronchial biopsy provide different but complementary information, underscoring the need to apply both techniques in the study of the pathophysiological processes in the CF airway. Considering that progressive airway wall changes ultimately lead to bronchiectasis, we suggest that further research should focus on understanding the pathogenetic mechanisms at this tissue site.
